Survey of mechanical damage models
Ductile fracture is often met in cold forming. It is due mainly to cavity nucleation and growth from inclusions. Its quantitative prediction in complex strain and stress fields as found in bulk metal forming processes remains a difficult task. Once identified under certain conditions, a damage model is often found to fail in slightly different situations. The reason is that most phenomenological models are over-simplified, accounting for only a very crude summary of the state of stress and strain, such as triaxiality-based models (Lemaitre (1986) ). Recently, emphasis has been put on models including all stress invariants, e.g. with triaxiality and Lode angle, see Bai and Wierzbicki (2008) or Xue (2007) . Another way of dealing with the cavitation -growth -coalescence sequence is the Gurson compressible plasticity model as in Needleman and Tvergaard (1984) ; it has also been enriched in a phenomenological way recently, to become more sensitive to the specific effects of shear (Nahshon and Hutchinson (2008) , Xue (2008) ). The purpose of the present paper is to examine the capacity of these different types of models to predict damage and fracture in two different processes, wire-drawing and wire rolling.
Damage models compared
Six ductile damage models are compared in the following. They are described in terms of invariants of the stress tensor , such as : triaxiality, equivalent (von Mises) stress , Lode parameter . p is the hydrostatic pressure. With 1 2 3 the three principal stresses of , the Lode parameter is defined by: ,
Lemaitre and enhanced Lemaitre model
In the enhanced Lemaitre model (LEL model) where the Lode parameter is taken into account (Cao et al. (2014a) ), a modified damage potential F D is defined, from which the damage rate is deduced according to the normality rule:
otherwise ,
where S and s are 2 material damage parameters, E and Young's modulus and Poisson's ratio, the plastic multiplier, and the equivalent strain and strain rate. If 2 = 0 and 1 = 1, the standard Lemaitre model (Lemaitre and Desmorat (2005) ) is resumed. The energy density release rate Y keeps its usual form. Eq(2c) states that damage variable D grows only after a certain threshold strain D , which is made here triaxiality-dependent, and if the state of stress is not too compressive (parameterized by c ). Finally, the coupled character of the model is expressed by:
if
Eqs. (3b-e) mean that material weakening by damage is all the stronger as the state of stress is more tensile, the so-called crack closure effect in compression. This difference between compression and tension, characterized by h (h = 0.2 according to Lemaitre and Desmorat, 2005) , is applied gradually between triaxialities c1 and c2 . Bai and Wierzbicki (2008) propose to define the damage variable D B&W by comparison of the current strain with a fracture strain which depends on triaxiality and Lode angle (D i 's are 6 material parameters):
Fracture strain-based models
Xue (2007) also bases his analysis on a triaxiality-and Lode parameter-dependent fracture surface, but he builds a coupled model where the mechanical properties depend on damage: ,
,
, (7b) is the ratio of damage under shear and under tension, p L a critical pressure above which damage does not grow. Here, k = 2 and = 1 are chosen.
Gurson-Tvergaard-Needleman and related models
The standard Gurson-Tvergaard-Needleman model is based on a pressure-dependent compressible plasticity: ,
where 0 is the yield stress in tension of the matrix material. Porosity f, taken as the damage variable, grows according to the normal flow rule (the plastic strain rate tensor is named , its plastic part is ):
The model also allows random cavity nucleation during the deformation process, so that:
The nucleation term is a Gaussian function of the plastic strain (Chu and Needleman (1980) ) and the value of mean plastic strain at maximal nucleation depends on stress triaxiality ratio as proposed by (Cao et al. (2014b) ).
Coalescence takes place beyond a critical porosity value f c ; the real porosity is henceforward replaced by an "effective porosity" f*:
The Gurson-Tvergaard-Needleman model is known to underestimate damage in the case of shear loading. Improvements have been proposed (Nahshon and Hutchinson (2008) ), (Xue (2008) ); the latter's modification is used here. It adds a "shear" damage term involving the Lode parameter: 
Finite Element Model and experimental identification of parameters
All models are implemented in Forge, an implicit, 3D Finite Element software based on (V,p) formulation using mini-elements (Mocellin et al. (2001) ). Identification of the parameters of the models above, plus those describing work-hardening, has been performed using a set of experiments covering the plane: cylinder compression (-1/3;-1); torsion (0;0); plane-strain, flat grooved specimen (2/3-1;0); round and notched bar tension (1/3-2/3;1). The model has been used for this purpose (Cao (2013) ). For Gurson-Tvergaard-Needleman -like models, X-Ray microtomography has been used also to identify nucleation parameters and porosity at fracture (Cao et al. (2014b) ).
Wire-drawing + flat rolling forming sequence

Material and process description
Starting from a 14 mm diameter hot rolled and patented C62 high carbon perlitic steel wire, a flat section is formed in 4 wire-drawing and 3 flat rolling passes (see Massé (2010) for more details). As usual, wire drawing gives a generalized tension state on the centerline of the wire (positive triaxiality, ), where damage is most liable to occur. In the longitudinal cross section, the diagonals of the plastic zone are under generalized shear (nearzero triaxiality, ). In the rolling stage, strain rate clearly shows the "blacksmith's cross" heterogeneous deformation pattern in a transverse cross-section, which induces highly tensile episodes and makes this process at risk. The state of stress is unmistakably tensile on the edge: = (0.3;1), because the metal is compressed and elongated only in the central part, whereas the edge has to follow this elongation without contact. The center and the arms of the cross are in a state intermediate between shear and compression. Fig. 1 and 2 show damage during wire-drawing and during wire flat rolling respectively. With the exception of the Gurson-Tvergaard-Needleman model completed by Xue, maximum damage is always in the center in wiredrawing, corresponding to a depressive state of stress (triaxiality above 0.2). The shear component grows from the center (zero shear due to the symmetry axis) to the surface (maximum curvature of the flow lines). As a consequence, Lode-enhanced models distribute damage more evenly along the radius. Compared with the other models, the Gurson-Tvergaard-Needleman + Xue model, Eqs. (12-14) , overestimates the effect of shear; note however that the damage variable remains very small, D < 0.002, compared with its value at break, D c = 0.98.
Results
In rolling (Fig. 2) , Lemaitre's model gives maximum damage on the edge, with a small secondary peak at the center corresponding to the heritage of wire-drawing. On the contrary, its shear-enhanced version ("LEL") depicts the blacksmith's cross. The same difference can be found between Gurson-Tvergaard-Needleman ("porosity") and shear-enhanced Gurson-Tvergaard-Needleman ("Dx-GTN"), although both locate the most damaged area in the center, similar to experiments (see (Massé (2010 ), or Cao (2013 ) . The Bai & Wierzbicki model ("B&W") is close to Gurson-Tvergaard-Needleman, whereas Xue's model resembles the enhanced Lemaitre model. Wire-drawing has been prolonged until wire broke at pass #14. The simulation indicates when D c (or f f ) is reached at the most damaged location in the material. Comparison with the experimental number of passes at break is a strong test of the models. For the Bai and Wierzbicki model, damage grows linearly and reaches fracture at the 4th pass. Coupled models such as Lemaitre or Xue also predict fracture much too early. The behavior of the Gurson-Tvergaard-Needleman model is more interesting. Starting from an initial f 0 10 -6 , porosity remains very small (although slowly growing) during the first 4 passes. Then a jump is found during passes 5 and 6, the strain range in which nucleation takes place ( N 3S N , Eq. (10b) ). Later on, as no cavity can nucleate any more, a slow growth regime is resumed, due to the moderately depressive nature of the process, until the critical fracture porosity f f = 0.0024 (identified by microtomography) is reached at pass #13 -by far the best fit.
Conclusion
Six damage models from the recent literature have been implemented, their parameters identified from experiments, and their performance tested on different cold forming schedules. Note that the sets of parameters identified by laboratory mechanical tests have been used "as is", without any modification, to study wire-drawing and wire rolling. The experimental trends in terms of time and location of failure have been checked. In the wiredrawing of patented high carbon steel, the Gurson-Tvergaard-Needleman model is the one which best fits measurements. Other models (Lemaitre, Bai & Wierzbicki) predict a largely premature failure.
Coming to rolling, experimental void density maps can be reproduced only with shear-emphasizing damage models. It is quite difficult to obtain a good balance between the lateral surfaces (low but non negligible porosity), the center (largest density) and the arms of the blacksmith's cross (intermediate). Again, Gurson-TvergaardNeedleman is globally the best if used with shear-enhancement (here, the Xue phenomenological formulation).
